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Abstract Thrombolites are widespread in the Mesoproterozoic Wumishan Formation in 
the North China Platform. This study shows that they mainly concentrated in subtidal carbon-
ate facies with relatively low hydrodynamic conditions, rather than in intertidal zone as sug-
gested previously. From the deep lower to the shallow upper subtidal facies, the thrombolites 
show evident changes in morphology from dominantly domal to tabular forms, likely sugges-
tive of environmental controls on their morphogenesis and distribution. As the most impor-
tant component in thrombolites, mesoclots typically consist of organic-rich micritic nuclei and 
organic-poor fibrous aragonite rims. Mesoclots may vary considerably in their morphology, 
but a type of specifically shaped mesoclots tends to concentrate predominantly in a particular 
group of thrombolites. The proportion of the fibrous aragonite rims in mesoclots decrease as 
the depositional environments become shallower, likely suggesting that the environmental 
changes also have controls on the internal fabrics of thrombolites. Putative filamentous bac-
terial colonies are well preserved in some aragonite fans in the matrix between mesoclots, 
invoking rapid precipitation and aragonite-supersaturated conditions in the ambient waters. It 
seems that a suboxic to anoxic environment, highly alkaline seawater and relatively low hy-
drodynamic conditions were among the important factors that facilitated the development and 
preservation of thrombolites in the Mesoproterozoic epeiric sea on the North China Platform.
Key words mesoclots, fibrous aragonite, bacterial sulfate reduction, organo-mineraliza-
tion, carbonate supersaturation
1 Introduction*
Thrombolites are a kind of bio-sedimentary struc-
ture formed through interactions of microbes and sedi-
mentation, and constitute a major group of microbialites 
(Kennard and James, 1986; Aitken and Narbonne, 1989; 
Riding, 1999, 2000, 2006), in addition to stromatolites, 
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oncolites and leiolites (Riding et al., 1991; Riding, 1999, 
2002; Altermann, 2008). They are often associated with 
stromatolites in the geological record, but differ from the 
latter markedly in their clotted rather than stratified inter-
nal fabrics (e.g., Aitken, 1967; Kennard and James, 1986; 
Burne and Moore, 1987; Kennard et al., 1989; Riding et
al., 1991; Riding, 2002, 2006, 2008). 
Chronologically, thrombolites abound in carbonate suc-
cessions of the Late Neoproterozoic to Early Ordovician 
times, and often occur as a major component in build-ups 
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(e.g., Aitken and Narbonne, 1989; Kennard, 1989, 1994; 
Feldman and Mckenzie, 1998; McCormick and Grotzinger, 
2001; Grotzinger and James, 2000; Adams et al., 2005; 
Hicks and Rowland, 2009; Raviolo et al., 2010). Since the 
Early Ordovician, thrombolites declined sharply due to the 
diversification of metazoans (Walter and Heys, 1985; Shee-
han and Harris, 2004; Riding, 2006) and became restricted 
largely to highly stressed environments or the aftermaths of 
mass extinctions. For instance, thrombolites have been well 
documented in strata of the latest Ordovician to earliest Si-
lurian age (e.g., Sheehan, 2001; Sheehan and Harris, 2004), 
latest Devonian (e.g., Whalen et al., 2002), Early Triassic 
(Grotzinger and Knoll, 1995; Ezaki et al., 2003, 2008, 2012; 
Kershaw et al., 2007, 2011; Yang et al., 2011) and in the Mi-
ocene interval of the Messinian Salinity Event (Feldmann 
and McKenzie, 1997). During the Mesozoic, thrombolites 
seem to have had a resurgence, especially in the Late Juras-
sic, when they often constituted a prominent portion of reefs 
(Olivier et al., 2003; Mancini et al., 2004; Helm and Schul-
ke, 2006; Matyszkiewicz et al., 2006), and were able to 
form noticeable oil reservoirs in marine settings (e.g., Lein-
felder and Schmid, 2000; Mancini et al., 2006). It is worth 
noting that thrombolites are rare in strata prior to the Late 
Neoproterozoic, with only a few examples known from the 
Paleoproterozoic of Canada, which may represent the earli-
est records of thrombolites, although they were commonly 
regarded as inorganic in origin (Kah and Grotzinger, 1992). 
To date, thrombolites are virtually unknown from the Meso-
proterozoic successions (Grotzinger and James, 2000; Rid-
ing, 2000, 2008; Harwood and Sumner, 2011), except for 
those from the North China Platform (Tang et al., 2013a).
Ecologically, modern thrombolites are known from a 
variety of environments, such as the restricted hypersaline 
embayment at Shark Bay, Australia (e.g., Riding, 2000; 
Jahnert and Collins, 2011, 2012), an open subtidal setting 
in the Bahamas (e.g., Feldmann and McKenzie, 1998; Pla-
navsky and Ginsburg, 2009; Myshrall et al., 2010; Mob-
berley et al., 2012), freshwaters (e.g., Ferris et al., 1997; 
Laval et al., 2000; Gischler et al., 2008, 2011), as well as 
hypersaline (e.g., Puckett et al., 2011) and alkaline lakes 
(e.g., Kempe and Kazmierczak, 1993; Arp et al., 2003), 
with a few examples also reported from hot spring settings 
(e.g., Campbell et al., 2008). In comparison with stromato-
lites, however, far less attention has been paid to thrombo-
lites, partly due to the presence of many transitional forms 
between the two that have obscured a conclusive separa-
tion, and partly due to the relative restriction of thrombo-
lites in both temporal-spatial distribution and abundance. 
In many cases, therefore, thrombolites have been studied 
under the umbrella term of microbialites (Riding, 2000, 
2006; Sheehan and Harris, 2004; Kershaw et al., 2011).
As to the genesis of thrombolites, opinions are con-
troversial. A common idea is that thrombolites developed 
since the Late Neoproterozoic are biogenic, with their 
mesoclots (Shapiro, 2000) probably derived from the cal-
cification of microbial colonies in sediments (Kennard 
and James, 1986; Kennard, 1989; Myshrall et al., 2010). 
However, earlier thrombolites from the Paleoproterozoic, 
such as those from the Rocknest Formation, Canada, were 
thought to have resulted mainly from abiotic processes 
(Kah and Grotzinger, 1992; Grotzinger and James, 2000), 
due to the high proportion of fibrous aragonite cement in 
their interior, which was commonly interpreted as a kind 
of sea-floor precipitation (Kah and Grotzinger, 1992). In 
regard to the morphogenesis of thrombolites, opinions 
are also divergent. For instance, some researchers sug-
gest that they may have resulted from the destruction of 
stromatolites either through diagenetic alteration or meta-
zoan bioturbation (e.g., Hofmann, 1973; Walter and Heys, 
1985), or from a high proportion of microbial eukaryotes 
involved (e.g., Feldmann and McKenzie, 1998) and there-
fore reflect different microbial metabolisms (Myshrall et
al., 2010; Harwood and Sumner, 2011). Whereas some 
others propose that they may have resulted from tapho-
nomic factors (Turner et al., 2000; Planavsky and Gins-
burg, 2009). Nevertheless, most researchers agree that 
thrombolites represent a distinct type of microbialites and 
are generated by microbial communities and their intera-
ctions with the environments where they have lived (e.g.,
Kennard, 1989; Shapiro, 2000; Riding, 2002, 2006; Tang 
et al., 2013a). 
Thrombolites from the Mesoproterozoic Wumishan 
Formation (ca 1.5-1.45 Ga) of the North China Platform 
(NCP) (Figs. 1A, 1B) have been recently studied by Tang 
et al. (2013a), with a focus on their biogenicity and organo-
mineralization, mainly from the angle of ultra-fabrics and 
constituent organominerals. In this paper, based on their 
macro- to microscopic texture variations and distribution 
in relationship to depositional environments, we prima-
rily focus on mesoclot genesis, possible environmental 
controls on their morphogenesis, as well as their palaeo-
ecologic constraints.
2 Geological setting
The NCP witnessed a tectonic evolution from the break-
ing-up of the Columbia supercontinent to the assembly of 
the Rodinia supercontinent. During Proterozoic times, it 
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received a sedimentary succession of up to ~10 km in max-
imum thickness in the central part of the platform (Chen 
et al., 1999; Wang et al., 2000; Cheng et al., 2009; Tang 
et al., 2013a). The Mesoproterozoic (1.6-1.0 Ga) rocks 
in the central platform comprise two groups, with the Ji-
xian Group, characterized primarily by carbonates, in the 
lower part and the Qingbaikou Group, dominated by si-
liciclastics, in the upper part (Fig. 1A). The Jixian Group 
is bounded disconformably both at base and top, and in-
cludes five formations that constitute two large sedimenta-
ry cycles (Fig. 1A). The lower cycle consists of the Gaoy-
uzhuang Formation of dark-grey carbonates in the lower 
part and the Yangzhuang Formation of light dolostone al-
ternating with purplish siltstone in the upper part, showing 
an overall tendency of shallowing-upward from subtidal to 
supratidal facies. The upper cycle comprises three forma-
tions (Fig. 1A). The Wumishan Formation, one of the most 
widespread lithostratigraphic units in the Mesoproterozoic 
of the NCP, is dominated by peritidal carbonates, locally 
rich in thin chert bands, and contains a variety of micro-
Fig. 1 Proterozoic succession and simplified palaeogeographic map of the study area. A-Revised Proterozoic succession for the NCP 
with key age constraints (ages adopted from Lu and Li, 1991; Gao et al., 2007, 2008a, 2009; Qiao et al., 2007; Su et al., 2008, 2010; 
Li et al., 2010); B-Location of the study area; C-Simplified palaeogeographic map of the study area (after Qiao and Gao, 2007) and 
location of the study sections. 
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bialites. The overlying Hongshuizhuang Formation in the 
middle is characterized by dark shale, with some thin silt-
stone interbeds. The Tieling Formation at the top consists 
primarily of light carbonates with well developed colum-
nar stromatolites that often form dune-shaped build-ups. 
Three formations are recognized in the Qingbaikou Group 
(Fig. 1A). The Xiamaling Formation is dominated by dark 
shale, the Changlongshan Formation is characterized by 
quartz sandstone, and the Jingeryu Formation consists 
mainly of carbonates. Three significant disconformities, 
respectively, at the base of the Xiamaling Formation and 
the Changlongshan Formation, and on top of the Jingeryu 
Formation (Fig. 1A), are widely recognizable across the 
platform, representing long intervals of non-deposition.
In recent years, a number of zircon SHRIMP U-Pb
datings (Fig. 1A) have been obtained from the Meso-
proterozoic succession of the NCP. The Lower Xiamal-
ing Formation is dated as 1368±12 Ma (Gao et al., 2007, 
2008b) and 1372±18 Ma (Su et al., 2010), the Middle Tie-
ling Formation as 1437±21 Ma (Su et al., 2010), the Up-
per Gaoyuzhuang Formation as 1560 Ma (Li et al., 2010), 
and the Upper Dahongyu Formation as 1625 Ma (Lu and 
Li, 1991; Gao et al., 2008a). Therefore, ages for the top 
and basal boundaries of the Gaoyuzhuang Formation can 
be reasonably estimated at 1.53 Ga and 1.60 Ga, respec-
tively; and the basal boundary of the Xiamaling Formation 
is set at 1.40 Ga (Qiao et al., 2007; Gao et al., 2009). To 
date, no direct dating has been obtained from the Wumis-
han Formation, according to known ages and stratigraphic 
constraints, however, this formation can be approximately 
inferred to have been deposited between 1.50 Ga and 1.45 
Ga (Gao et al., 2009; Tang et al., 2013a), belonging to the 
Calymmian System of the Early Mesoproterozoic (Ogg et
al., 2008; ICS, 2012).
The Wumishan Formation is about 3340 m thick in Ji-
xian County, Tianjin, where it has conformable contacts 
with the overlying and underlying strata. In the Yesanpo 
area, Hebei Province (Fig. 1C), the formation is reduced 
to 1800 m in thickness, underlain disconformably by the 
Gaoyuzhuang Formation, but overlain conformably by the 
Xiamaling Formation. In the Huailai area, Hebei Province 
(Fig. 1C), it further decreases to 1400 m, and has discon-
formable contacts with both overlying and underlying stra-
ta. Lithologically, sedimentation of the Wumishan Forma-
tion remains relatively constant across the platform, and is 
commonly dominated by dolostones of peritidal facies with 
diversified microbialites, including thrombolites, biolam-
inites, stromatolites, dendrolites, and various microbially 
induced sedimentary structures (MISS; Shi et al., 2008; 
Shi and Jiang, 2011). In the study area (Fig. 1B, 1C), the 
Wumishan Formation comprises four members. The basal 
member is dominated by oolite-bearing, stromatolitic and 
micritic dolostones. The lower member consists mainly of 
thrombolitic and laminated dolostones. The middle mem-
ber is largely composed of thick-bedded thrombolitic and 
layered stromatolitic dolostones, with some domal micro-
bialites. The upper member is typically made up of micritic 
and finely laminated dolostones, with occasional thin lay-
ers of thrombolitic dolostone in its lower part. 
3 Sedimentary facies and thrombolite 
distribution
In the study area (Fig. 1B, 1C), the Wumishan For-
mation comprises hundreds of upward-shallowing para-
sequences that further stack into depositional cycles of var-
ious orders. In general, four types of parasequences can be 
distinguished according to their sedimentary features and 
internal architectures. Each of the parasequences is pri-
marily made up of 2-3 kinds of Basic Depositional Units 
(BDUs, Unit a-c; Fig. 2; Table 1). Although these BDUs 
may vary considerably in thickness and relative propor-
tion in a parasequence, depending on their particular depo-
sitional environments in places, their architectures and 
stacking patterns in most parasequences are similar (Tang 
et al., 2011, 2013a). The characteristics of the four par-
asequence types and their constituent units can be summ-
arized as follows (Table 1; Fig. 2).
Type-I parasequences often occur in the upper part 
of a depositional sequence, and may have been deposit-
ed in upper subtidal to supratidal environments (Fig. 2). 
Type-I parasequences commonly consist of three BDUs 
(I-a, I-b and I-c). The basal unit (I-a) is characterized by 
thinly layered thrombolites of 0.1-0.8 m thick (Fig. 3A), 
occasionally with fine intraclasts or ooids. Mesoclots in 
the thrombolites are commonly small, elliptical to irregu-
larly patchy in shape. In places, Unit I-a may change into 
dolorudite (Figs. 3B, 3C) or oolitic dolostone (Fig. 3D), 
often with herringbone cross-bedding (Fig. 3C), indicat-
ing a highly dynamic environment of upper subtidal to 
lower intertidal (Zhou et al., 2006; Tang et al., 2011). It 
is worth noting that mesoclots and intraclasts rarely co-
exist in unit I-a, and thrombolites contain only a minor 
amount of fine sand, whereas dolorudites contain virtu-
ally no mesoclots. The middle unit (I-b) is dominated by 
micritic dolostone and rich in silicified microbial mats 
that are often expressed as chert bands in vertical sec-
tion (Fig. 3E). Trough cross-bedding (Fig. 3F) and mat-
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Table 1 Characteristics of the four major parasequence types of the Wumishan Formation and their constituent depositional units in 
the study area 
BDUs General features Parasequence type-I Parasequencetype-II
Parasequence
type-III
Parasequence
type-IV
Unit-c
commonly thin-bedded light 
micritic dolostone and argill-
aceous dolomicrite, with 
various exposure structures
thick-bedded (0.1-0.6 m) 
micritic and argillaceous 
dolostone; mud-cracks, 
halite pseudomorphs, 
siliceous crusts and mat 
shrinkage cracks are 
common
medium-bedded
(0.1-0.5 m) light 
micritic dolo-
stone; mud-cracks 
and subaerial 
exposure surfaces 
visible
commonly absent absent
Unit-b
thinly laminated dolostone, 
with abundant mat layers, 
chert bands or nodules and
occasionally low domal stro-
matolites; cross-bedding and 
mat-protected ripple marks 
are common
thick-bedded (0.2-0.6 m) 
micritic dolostone with 
abundant silicified mat 
layers; trough cross-bedd-
ing and mat-protected 
ripple marks visible
thick-bedded
(1-4 m) micritic 
dolostone with 
abundant mat 
layers and chert 
bands, bearing 
some fine intra-
clasts
thick-bedded
(1-4 m) micritic 
dolostone, rich 
in mat layers, 
with small domal 
stromatolites and 
flat-pebble-like 
intraclasts
thick-bedded (1-4
m) micritic dolo-
stone, with abun-
dant silicified mat 
layers and some 
domal stromatolites
Unit-a
mainly thick-bedded or 
massive tabular or domal 
thrombolites with variably 
shaped mesoclots
medium- to thick-bedded 
(0.1-0.8 m) tabular 
thrombolites with small, 
elliptic or irregularly 
patched mesoclots, 
occasionally with fine 
intraclasts, ooids, or 
dolorudite; herringbone 
cross-bedding visible
thick to massive 
(1-2 m) tabular 
thrombolites
with ribbon-like 
mesoclots, occ-
asionally with 
intraclasts
massive (2-4 m) 
tabular thrombo-
lites with irregular 
patchy mesoclots
massive (2-12 m) 
domal or tabular 
thrombolites,
commonly with 
sub-vertically arr-
anged or dendroid 
mesoclots
Environ-
ment subtidal to supratidal
shallow upper subtidal to 
supratidal
deep upper 
subtidal to lower 
supratidal
shallow lower 
subtidal to lower 
intertidal
deep lower subtidal 
to lower intertidal
Note: BDUs = Basic Depositional Units
protected ripple marks (a kind of MISS) are common in 
this unit, suggestive of a low intertidal environment. The 
upper unit (I-c) is commonly composed of micritic, or occ-
asionally argillaceous dolostone, often with mud-cracks, 
halite pseudomorphs (Fig. 3G), siliceous crusts and mat 
shrinkage cracks with curled margins (a kind of MISS; 
Fig. 3H; Shi and Jiang, 2011), suggestive of a supratidal 
environment with strong evaporation (Tang et al., 2011).
Type-II parasequences also consist of three BDUs (II-a, 
II-b and II-c), and primarily developed in upper subtidal 
to lower supratidal environments, with the basal unit (II-a) 
slightly deeper than that (I-a) of the type-I parasequence 
(Fig. 2B). In a type-II parasequence, Unit II-a is mainly 
made up of thick-bedded thrombolites (1-2 m thick). 
Mesoclots in the thrombolite often exist as curved strips or 
ribbons, producing a distinctive fingerprint-like pattern of 
the thrombolite on weathered surfaces (Fig. 4A), or occur 
as tongue-shaped to irregular patches. The general lack of 
cross-bedding and swash marks and occasional presence 
of intraclasts (Fig. 4B) in this unit likely indicate a subtidal 
environment of low-energy that may be occassionally in-
fluenced by strong waves. Unit II-b is dominated by mic-
ritic dolomite rich in microbial mats and chert bands, bear-
ing some fine intraclasts, while unit II-c consists primarily 
of interbedded light micritic dolostone (Fig. 4C). Unit II-b 
is interpreted as mainly an intertidal deposit, and the unit 
II-c as a supratidal deposit.
Type-III parasequences usually comprise two BDUs 
(III-a and III-b), and commonly lacks the supratidal unit. 
Compared with those in the type-II parasequence, meso-
clots in Unit III-a often appear as irregular patches (Fig. 
4D, 4E). Furthermore, Unit III-b is richer in microbial 
mats, often bearing small domal stromatolites and flat-
pebble-like intraclasts (Fig. 4F). These features likely in-
dicate that the type-III parasequence was mainly formed 
in lower subtidal to lower intertidal environments, deeper 
than the type-II parasequence (Fig. 2B).
Type-IV parasequences consist of two BDUs (IV-a 
and IV-b) (Fig. 2A), and may have been deposited in the 
lower subtidal to intertidal zone, deeper than the type-III 
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parasequence (Fig. 2B). In the type-IV parasequence, Unit 
IV-a is commonly dominated by massive or domal throm-
bolites in which mesoclots are often vertically arranged, 
more or less in rows (Figs. 5A, 5B) or in branches (e.g., in 
dendroid forms) (Fig. 5C). Occasionally, variable throm-
bolite build-ups containing abundant infilled voids can be 
observed in this unit (Figs. 5D, 5E). Overall, Unit IV-a has 
the greatest thickness among the basal units in each of the 
four types of parasequences, and a single bed may attain a 
maximum thickness of 12 m. No swash or any other dis-
Fig. 2 Major parasequence types in the Wumishan Formation and their suggested distribution model. A-Common parasequence 
types; B-Suggested distribution of the four types of parasequences: type-I from uppermost subtidal to supratidal facies (low part of 
the fourth Member); type-II from upper subtidal to supratidal facies (top of the third Member); type-III from shallow lower subtidal 
to intertidal facies (middle part of the third Member); and type-IV from deep subtidal to lower intertidal facies (low part of the third 
Member).
- - -
-
-
-
-
-
Flat pebble 
conglomerate
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Fig. 3 Major sedimentary facies in the parasequence type-I from the Wumishan Formation. A-Domal thrombolites in Unit I-a; 
B-Dolorudite in Unit I-a; C-Dolorudite with herringbone cross-bedding in Unit I-a; D-Purplish oolitic dolostone in Unit I-a; E-
Dolomicrite composed of alternating silicified mats (dark) and carbonate precipitate layers (light) in Unit I-b; F-Trough cross-bedding 
in Unit I-b; G-Halite pseudomorphs in Unit I-c; H-Silicified mat shrinkage cracks with curled margins in Unit I-c. Fig. D, G, and H 
are in plan view, others are perpendicular to bedding.
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turbed structures or intraclasts have been observed in this 
unit, suggesting that Unit IV-a was most likely formed in 
the quiet and deeper environment of the low subtidal zone. 
Unit IV-b consists primarily of micritic dolostone, with 
abundant silicified microbial mat layers and some domal 
stromatolites, possibly indicating upper subtidal to lower 
intertidal environments.
Overall, from type-I to type-IV, the thickness and pro-
portion of Unit-a in each of the parasequence types in-
creases, while those of Unit-c are gradually reduced and 
become completely absent in the type-IV parasequence 
(Fig. 2A). These variations likely indicate a gradual deep-
Fig. 4 Common sedimentary facies in parasequences type-II and type-III of the Wumishan Formation. A-Thrombolite with rib-
bon- or stripe-like mesoclots showing fingerprint-patterns in Unit II-a (view perpendicular to bedding); B-Flat-pebble-like intraclast 
in thrombolite (view perpendicular to bedding); C-Light gray dolomicrite in Unit II-c; D-Tabular thrombolite with irregular blocky 
mesoclots in Unit III-a (plan view); E-Tabular thrombolite with irregular blocky and patchy mesoclots in Unit III-a; F-Imbricated
silicified mat chips in Unit III-b.
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ening of the environment in which the parasequences were 
deposited, and probably also imply that distribution of the 
thrombolites and, to some extent, their morphogenesis, 
were largely controlled by environmental factors related 
to water-depth. 
Based on sedimentary characteristics and regular 
changes in the proportions of BDUs in various parase-
quence types, a facies distribution model for these pa-
rasequence types is suggested (Fig. 6). It is worth noting 
that domal thrombolites primarily occur in lower subtidal 
environments, tabular thrombolites with blocky mesoclots 
are mainly concentrated in lower upper subtidal environ-
ments, while thrombolites with fingerprint-like fabrics are 
more often developed in shallow upper subtidal environ-
Fig. 5 Major facies in the parasequence type-IV of the Wumishan Formation. A-Thrombolite with branches formed by vertically lined 
mesoclots; B-Enlarged view of the boxed area in Fig. A, showing branches formed by vertically arranged mesoclots; C-Mesoclots arr-
anged in a dendroid pattern in a domal thrombolite; D-Dendroid columns in a large thrombolite reef; E-Thrombolite with irregularly 
branching mesoclots and infilled voids in a microbial reef.
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ments. Dolorudite and oolitic dolostone may occur in the 
upper subtidal to lower intertidal, where herringbone and 
trough cross-bedding are often observable. Laminated do-
lostone rich in mat layers and chert bands is commonly 
developed in the intertidal facies. In contrast, argillaceous 
micritic dolostone is primarily seen in the supratidal fa-
cies, often associated with mat shrinkage structures, halite 
pseudomorphs, and other evidence of subaerial exposure, 
indicative of frequent exposure and strong evaporation.
4 Morphogenesis and microtextures of 
the thrombolites
Thrombolites are abundant in the Wumishan Formation, 
and primarily exist in the lower units of all parasequence 
types, largely confined to the subtidal zone. They vary 
considerably in morphology, but can be broadly grouped 
as domal and tabular forms. Highly domal thrombolites 
only occur in the Unit-a of the type-IV parasequence (Fig. 
5), providing evidence of a deeper subtidal setting (Fig. 6), 
whereas tabular forms widely exist in Unit-a of all parase-
quence types (Fig. 4A, 4B, 4D, 4E), suggesting a broader 
and shallower subtidal setting (Fig. 6).
Three basic components recognized in the thrombolites 
(Fig. 7) have been discussed by Tang et al. (2013a), we 
will not restate them herein. Our observation of variably 
shaped thrombolites in the Wumishan Formation reveals 
four types of mesoclots with different shapes, which are 
the most important component of the thrombolites: (1) ir-
regular blocks (Figs. 4D, 4E, 7); (2) curved strips or rib-
bons (Figs. 4A, 7); (3) irregular columns (Fig. 5A, 5B); and 
(4) branching columns (Fig. 5C). The blocky mesoclots 
Fig. 6 Onshore-offshore distribution model suggested for the various types of thrombolites. Domal thrombolites with vertically arr-
anged or dendroid mesoclots are primarily developed in the lower subtidal zone. Tabular thrombolites with irregular blocky mesoclots 
mainly occur in the lower upper subtidal zone; tabular thrombolites with ribbon-like mesoclots, which commonly result in fingerprint 
patterns on thrombolite surfaces, dominate the middle part of the upper subtidal zone; ooids, sands, and cross-bedding commonly ap-
pear in the shallower upper subtidal to lower intertidal zones. Domal stromatolites are mainly distributed in the lower intertidal zone, 
while stratiform stromatolites dominate the upper intertidal zone. Microbial mat shrinkage structures and salt pseudomorphs are pri-
marily distributed in the supratidal zone.
Sandy dolorudite Silty dolostone Argillaceous dolostone
Environment controls on Mesoproterozoic thrombolite morpho-
genesis: A case study from the North China Platform 285Vol. 2  No. 3
Tang Dongjie et al.:
commonly vary from 0.1 cm to 4 cm in size. Some of them 
are isolated and surrounded by micritic fillings or sparitic 
dolomite; some others clump together (Figs. 4D, 4E, 7). 
The ribbon-like mesoclots are generally 1-2 mm wide and 
several millimeters to a few centimeters long (Figs. 4A, 7). 
The irregular column-like mesoclots are usually vertically 
arranged, but highly variable in size (commonly 5 cm × 1 
cm) (Fig. 5A, 5B). The branching column-like mesoclots, 
often subvertical or at a high-angle to the bedding plane, 
are generally 5 cm long and 2 cm wide in the middle parts 
of the columns, and 0.5-1 cm long and 0.2 cm wide in the 
case of the branches (Fig. 5C). 
Each of the mesoclot types tends to concentrate prefer-
entially in a particularly shaped thrombolite. For instance, 
blocky mesoclots often constitute medium- to thick-bedded 
tabular thrombolites with irregular internal structures (Figs. 
4D, 4E, 7), curved ribbon-like mesoclots produce thick-
bedded thrombolites with fingerprint-like textures in their 
interior (Fig. 4A), irregular column mesoclots mainly occur 
in lower domal thrombolites (Fig. 5B), and branching mes-
oclots show up primarily in massive domal thrombolites 
(Fig. 5C). In large thrombolite build-ups, variously shaped 
mesoclots may co-exist and be entangled (Fig. 5D, 5E).
5 Micro-fabrics of the thrombolites
Micro-fabrics of the thrombolites have been described 
by Tang et al. (2013a). Here, we only give a brief sum-
Fig. 7 Polished slab showing internal fabrics and three major components in thrombolites. a-Variably shaped dark mesoclots; b-
Gray micrite as inter-framework fillings surrounding mesoclots; c-Voids filled with light sparitic cement. Sample from the Second 
Member of the Wumishan Formation, Yesanpo, Hebei Province.
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mary of their major characteristics and supplement with 
some newly observed results. Microscopically, mesoclots 
primarily consist of (1) organic-rich micritic nuclei, and 
(2) outer rims of fibrous aragonite (Fig. 8A, 8D), which 
have been variably dolomitized. In some of the nuclei, tiny 
pyrite grains (Fig. 8E, 8G) are present, and often associ-
ated with organic relics, especially in silicified samples 
(Fig. 8F, 8G). Most of the outer rims appear as small ra-
dial fans or isopachous layers of fibrous aragonite (Fig. 
8A, 8B), and some of them may also develop multi-layer 
structures formed by alternating organic-rich micritic lay-
ers and sparitic cement (Fig. 8E), providing evidence of 
multi-stage growth of the outer rims.
Organic remains are commonly present in mesoclots. 
In some silicified thrombolite samples, putative bacte-
rial filaments and closely associated relics of extracell-
ular polymeric substances (EPS) (Fig. 9A-9D), which are 
partially replaced by nanoglobules (Fig. 9C, 9D) and other 
organic remains (Fig. 9E), are clearly recognizable in the 
nuclei. The EPS relics often appear as translucent films 
covering tiny crystals (Fig. 9B-9D). In some well-pre-
served samples, abundant spheroids, generally 10-15 μm 
in diameter, are observed, comprising numerous coccoids 
about 1 μm in diameter (Fig. 9F). The coccoids, closely 
associated with EPS relics (Fig. 9G), likely derive from 
mineralized bacteria cells, and the spheroids are possibly 
silicified bacteria colonies (Tang et al., 2013a). Partially 
degraded filaments, ~1.5 μm in diameter and up to 8 μm in 
length, also have been observed in the nuclei of mesoclots 
(Fig. 9H). The filaments are likely mineralized filamentous 
bacteria relics, similar to those found in some Mesopro-
terozoic microdigitate stromatolites (Tang et al., 2013b). 
The inter-framework fillings within thrombolites com-
prise mainly micritic to silt-sized dolomite (Figs. 8A, 8B, 
8F, 10A), with a few fine quartz and some pyrite grains 
(Fig. 10A, 10B). Occasionally, some small fibrous arago-
nite (pseudomorph) fans also exist in the matrix of throm-
bolites. They are commonly 2000 μm high, and tend to 
connect horizontally to form isopachous layers (Fig. 10C). 
Crystal fibers in the fans have feathery features and irr-
egular extinctions, suggesting that they were altered from 
aragonite precursors (Loucks and Folk, 1976; Mazzullo, 
1980; Sandberg, 1985; Peryt et al., 1990; Sumner and 
Grotzinger, 2000), which were likely originally deposited 
as sea-floor precipitates. 
In some samples, putative bacterial colonies are obser-
vable in the fibrous aragonite fans (Fig. 10D). They often 
appear as clumps, 20-30 μm in size, with putative bacte-
rial filaments about 1 μm in diameter that are entangled 
together. Needle-like crystal clusters also exist in the ma-
trix (Fig. 10E). The needles seem to have nucleated on 
organic-rich clumps, then grew radially outward into clus-
ters with spear-like terminations. 
6 Discussion
6.1  Origin of micritic nuclei and fibrous aragonite 
rims in mesoclots
The general lack of intraclasts and terrigenous particles 
in mesoclots likely indicates that the mesoclots primarily 
derived from carbonate precipitation induced by bio-chem-
ical processes, rather than from trapping and binding of 
sediment by microbial activity. The sharp contact between 
nuclei and rims, and the distinct constituents in each, are 
indicative of different formation mechanisms. Particularly, 
the nuclei of mesoclots were most likely derived from the 
organo-mineralization of microbial cells or their colonies 
and EPS secreted by them, while rims encasing the nuclei 
were possibly the result of carbonate precipitation facili-
tated by interactions between microbes and the surround-
ing microenvironment (Tang et al., 2013a). 
Mesoclots without aragonite rims in thrombolites were 
once suggested to have formed by in situ mineralization 
of microbial communities (Kennard and James, 1986), but 
no direct evidence has been provided. In the present study, 
most of the observed mesoclots are surrounded by fibrous 
aragonite that has been neomorphosed without recogni-
zable microbial fossils (Fig. 8A, 8B, 8D), while in some 
earlier silicified mesoclots, which commonly lack fibrous 
aragonite outer rims, EPS relics and pyrite grains associa-
ted with organic remains are observable in the organic-rich 
nuclei (Fig. 8F, 8G). It is possible that silicification prior 
to significant decomposition of organic matter enabled the 
microbial fossils to be preserved in nuclei (Fig. 9F). These 
phenomena likely support the hypothesis that mesoclots 
were formed by in situ mineralization of microbial com-
munities and imply that the decomposition of organic mat-
ter in the nuclei was an important factor in inducing the 
precipitation of the fibrous aragonite that surrounds the 
nuclei.
Fibrous aragonites, similar to those developed in the 
Wumishan thrombolites, are commonly interpreted as 
sea-floor precipitates and are common in the subtidal car-
bonate facies of Neoarchean to Lower Paleoproterozoic 
successions, but were reduced greatly in abundance in the 
Meso- to Neoproterozoic, and are almost completely ab-
sent in Phanerozoic carbonates. Such an obvious decline 
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Fig. 8 Micro-textures of mesoclots in the thrombolites. A-Lobate mesoclot composed of an organic-rich micritic nucleus and arago-
nite outer rim; B-Mesoclot with two micritic nuclei (Mc) and an outer rim formed by fibrous aragonite fans (Fa); C-Micritic particles 
in the nucleus of a mesoclot; D-Fibrous aragonite pseudomorphs in the outer rim of a mesoclot; E-A mesoclot with multi-layered 
rim and tiny pyrite grains (denoted by arrows); F-A silicified mesoclot; G-Enlarged view of the boxed area in Fig. F, showing pyrite 
grains in an organic-rich nucleus. A and E-G in plane-polarized light; B in cross-polarized light; C-D observed using field emission 
scanning electron microscopy (FESEM).
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Fig. 9 Mesoclots and putative bacterial fossils in silicified thrombolites. A-A mesoclot with a silicified micritic nucleus; B-Enlarged 
view of the boxed area in A, showing putative bacterial filaments (arrows) and closely associated EPS relics as irregular translucent 
films (arrows) on crystal surfaces; C-FESEM view of the area denoted by arrows in B (rightmost of the three arrows), showing film-
like EPS and closely associated nanoglobules (Ng); D-Another enlarged view of the area denoted with arrows in B (rightmost of the 
three arrows), showing putative filamentous bacteria (FB), which are partly covered by film-like EPS relics and partially replaced by 
nanoglobules (Ng); E-Organic remains in the nucleus of a silicified mesoclot; F-Putative bacterial colonies in a silicified mesoclot; 
G-A fossilized coccoid observed in the putative bacterial colonies shown in F; H-A partially degraded filament found in the nucleus 
of a mesoclot. A in cross-polarized light; B and E-F in plane polarized light; C-D and G-H, FESEM photos.
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with time is commonly interpreted as the result of secular 
changes in seawater chemistry, especially in calcium car-
bonate saturation (Grotzinger and Kasting, 1993; Sumner 
and Grotzinger, 1996; Knoll and Semikhatov, 1998; Grotz-
inger and James, 2000). Three possible factors conducive 
to fibrous aragonite precipitation have been proposed 
(Bartley et al., 2000): (1) an arid environment with strong 
evaporation, which will facilitate the elevation of calcium 
carbonate saturation in seawater, (2) decomposition of mi-
crobial mats, which can remove the inhibiting factors for 
carbonate precipitation, and (3) an elevated concentration 
of HCO3- (largely produced by anaerobic decomposition 
of organic matter), which will increase water alkalinity 
and provide material for carbonate precipitation. However, 
these conditions may also exist in the Phanerozoic marine 
environments, and aragonite layers and rims encasing mes-
oclots have rarely been recorded in thrombolites of that 
period. In the Wumishan Formation, it has been noticed 
that (1) supratidal carbonates with halite pseudomorphs 
are devoid of fibrous aragonite, while subtidal thrombo-
lites contain abundant fibrous aragonite, indicating that 
evaporation may not be a critical factor for aragonite pre-
cipitation; (2) most fibrous aragonite primarily initiated 
from organic-rich nuclei (Fig. 8A, 8B, 8E) or on degraded 
microbial mats (Fig. 10C), suggesting a close relationship 
between fibrous aragonite precipitation and decomposition 
of organic matter; (3) the carbonate saturation under which 
the thrombolites developed was much higher than that in 
the modern oceans, implying that the supersaturated carbo-
nate in the microenvironment was likely the result of the
anaerobic decomposition of organic matter.
In general, the thrombolites in the Wumishan Forma-
Fig. 10 Some other features associated with mesoclots. A-Micritic matrix between mesoclots, mixed with a few fine quartz and 
pyrite grains; B-A close-up of pyrite grains in the matrix; C-Dolomitized aragonite fans in the matrix within the thrombolite; D-A
putative filamentous bacterial colony in a fibrous aragonite fan; the filaments are entangled with small dark clumps; E-Crystal clusters 
in a void within thrombolites, growing radially outward from organic-rich clumps.
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tion are distinct from those documented from the Cam-
brian to Ordovician successions (Pratt and James, 1982; 
Kennard, 1989; Turner et al., 2000) in having a much 
higher proportion of aragonite cement (i.e., fibrous arago-
nite rims) within frameworks. They share similarity with 
those from the Rocknest Formation (ca 1.9 Ga), Canada, 
which are also characterized by abundant fibrous arago-
nite (Kah and Grotzinger, 1992). We suspect that these 
Proterozoic thrombolites, by having similar microscopic 
structures and mineral components, are probably close in 
origin and mineralization mechanism. Although microbial 
fossils can hardly be identified from the Paleoproterozoic 
thrombolites due to strong diagenetic alteration, their pos-
sible biotic origin and comparable microbial communities 
to those elsewhere in the Mesoproterozoic would be ex-
pected.
6.2  Growth rate and potential source of fibrous 
aragonite
Fibrous aragonite layers in the thrombolites are comm-
only composed of crystal fans that can grow as high as 
2000 μm (Fig. 10C). The large size of the crystal fans re-
quires a very high crystal growth rate, a very low terrig-
enous input rate, or a combination of both (Sumner, 2002). 
If the crystal growth rate was comparable to the estimat-
ed rate of 1 mm/40 yr for aragonite cement precipitation 
in modern reefs (Grammer et al., 1993, 1996), it would 
take 80 yr for a 2000 μm thick aragonite crystal fan to be 
formed in the thrombolites. However, it might be unrealis-
tic to deduce no obvious sediment influx that would inter-
rupt aragonite crystal growth for such a long time (Sum-
ner, 2002). Rather, it is more likely that the growth rate of 
the aragonite crystals in the Mesoproterozoic thrombolites 
was much faster than that in modern reefs.
The preservation of the filamentous bacteria also pro-
vides evidence for a high aragonite growth rate in the 
thrombolites. In some of the samples, filamentous bacte-
rial colonies of ~30 μm in diameter appear to have been 
preserved with their original morphology in the fibrous 
aragonite layers (Fig. 10D). This likely suggests that they 
were mineralized much earlier before significant decom-
position could have taken place, possibly in less than 30 
days (Bartley et al., 2000). Taking this estimate as a refer-
ence, a growth rate of 1 μm per day would be expected for 
the fibrous aragonite layers (30 μm thick on average), so 
that the bacteria could be completely buried before degra-
dation. If this is true, then the growth rate of aragonite lay-
ers in the thrombolites would be approximately 13.6 times 
higher than in modern reefs (Grammer et al., 1993, 1996). 
Such rapid precipitation may imply that the saturation with 
respect to aragonite of the Mesoproterozoic seawater was 
higher than that of the modern oceans (Grotzinger, 1989; 
Grotzinger and Kasting, 1993), like that of “Aragonite 
Seas” as suggested by Hardie (1996, 2003).
If aragonite fan height could be used as a reliable in-
dication of aragonite saturation in seawater, then the de-
velopment of aragonite fans as high as 1 m in Archean 
subtidal settings (Sumner and Grotzinger, 2000) would 
require a much higher aragonite saturation than that in the 
Mesoproterozoic. Thus, the thrombolites in the Wumi-
shan Formation may have developed in an environment in 
which aragonite saturation was intermediate between that 
of the Archean and Phanerozoic.
A high precipitation rate of fibrous aragonite requires 
a persistent high carbonate saturation of the seawater 
(Grotzinger, 1989; Grotzinger and Kasting, 1993). In the 
Wumishan Formation, although degraded microbes and 
EPS in the nuclei of mesoclots likely initiated carbonate 
nucleation and precipitation of fibrous aragonite in the 
outer rims, they alone could hardly sustain the continu-
ous growth of the fibrous aragonite rims. Other material 
sources might be required for the rapid accretion of fibrous 
aragonite rims. Organic matter from microbes in ambient 
water could be a potential complementary source (Woods 
et al., 1999). 
In modern oceans, carbonate precipitation can be fa-
cilitated by various microbial groups and their metabo-
lisms (Dupraz and Visscher, 2005; Visscher and Stolz, 
2005), among which BSR (bacterial sulfate reduction, 
CH2O+SO42-→HCO3-+HS-+H2O) is commonly regarded 
as one of the important processes (Visscher et al., 2000; 
Dupraz et al., 2004; Decho et al., 2005; Dupraz and Viss-
cher, 2005; Baumgartner et al., 2006; Braissant et al.,
2007). It has been suggested that the Mesoproterozoic 
ocean, similar to the modern Black Sea, was permanently 
stratified, and lower in sulfate concentration (Anbar and 
Knoll, 2002; Rouxel et al., 2005), with a moderately oxic 
surface layer, but an anoxic and ferrous deep layer (Can-
field, 1998; Anbar and Knoll, 2002), and a possible eux-
inic wedge in between the two in coastal areas (Li et al.,
2010; Planavsky et al., 2011). The chemocline in the ocean 
was likely around a depth of 25 m (Brocks et al, 2005; 
Tang et al., 2011), and seawater sulfate concentration was 
about 0.5-2.5 mM (Kah et al., 2004; Brocks et al., 2005). 
According to these estimations, most thrombolites in the 
Wumishan Formation likely developed in a suboxic to an-
oxic environment, consistent with an independent study 
of redox sensitive elements of the formation (Tang et al.,
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2011), where sulfate-reducing bacterial activity might 
have prevailed. The presence of acicular gypsum crystals 
in the matrix of thrombolites (Fig. 10E) likely indicates 
a moderate sulfate supply to the environment. Therefore, 
we suspect that suboxic to anoxic conditions and an active 
BSR process were probably among the major causes that 
maintained aragonite supersaturation in subtidal environ-
ments in the NCP during the Mesoproterozoic.
6.3 Possible environmental controls on the throm-
bolites
In the Wumishan Formation, most thrombolites occur 
in the subtidal facies (Figs. 2A, 6), providing evidence that 
water depth is an important control on the development 
of thrombolites. As accommodation space, hydrodynam-
ics, detrital influx, sulfate concentration, and redox condi-
tions are all closely related to water depth, they may, as 
important environmental factors, affect the activities and 
metabolisms of microbial groups, and thus exert influence 
on the development of thrombolites in various ways. 
In terms of dominance, from the lower subtidal to upp-
er subtidal facies, the thrombolites change from domal to 
tabular forms. This clear tendency suggests that accom-
modation variations indeed affected the morphology of 
thrombolites (Kershaw et al., 2011). Although the throm-
bolites occurred in both quiet and agitated environments, 
the morphology of dominant mesoclots in them varies 
considerably, likely in response to hydrodynamic condi-
tions. In the intertidal carbonate facies, due to the strong 
disturbance by currents and waves, tabular and lower 
dune-shaped stromatolites dominate instead of thrombo-
lites, while in the subtidal facies thrombolites prevail. This 
likely indicates that although variable and perhaps not di-
rectly related to particular groups of microbial builders, a 
relatively deeper and quieter setting is more favorable for 
the formation of thrombolites (Jahnert and Collins, 2011, 
2012). Terrigenous influx apparently restrains the acc-
retion of fibrous aragonite, while the latter is a critical 
requirement for the preservation of mesoclots. This may 
also partly explain why thrombolites are rare in siliciclas-
tic sediments.
Salinity and redox conditions may not control the pres-
ence of thrombolites directly. They will, however, affect 
microbial groups and their metabolisms, and thus influ-
ence the microstructures and possibly also mineral compo-
nents in the mesoclots indirectly. The general lack of intra-
clasts and wide presence of microbial remains in the nuclei 
of mesoclots likely indicate that, instead of trapping and 
binding of sediment particles by microbial communities, 
which is well-documented in modern stromatolites from 
the Bahamas and Shark Bay (e.g., Feldmann and McKen-
zie, 1998; Macintyre et al., 2000; Riding, 2000; Reid et
al., 2003), organo-mineralization and chemical carbonate 
precipitation induced by microbial activities are the major 
mechanisms for the formation of mesoclots. 
Fibrous aragonite is rare in the oxic intertidal facies, but 
often exists in anoxic voids trapped in carbonates, sugg-
esting that redox was probably one of the major controls 
for its precipitation (Tang et al., 2011). As sulfate-reduc-
ing bacteria communities, therefore active BSR, prevail 
in anoxic to suboxic conditions (Sass et al., 2002, 2006), 
and bicarbonate (HCO3-) produced through BSR plays 
an important role in increasing alkalinity in the microen-
vironments (Braissant et al., 2007; Dupraz et al., 2009; 
Gallagher et al., 2012), the redox state of seawater will 
inevitably exert an impact on the development of fibrous 
aragonite layers. As an indispensable material source for 
the precipitation of fibrous aragonite, bicarbonate largely 
derived from BSR by the consumption of organic matter 
and sulfate, a relatively high microbial biomass in anoxic 
to suboxic environments (Grotzinger and Knoll, 1999), 
and sufficient sulfate supply in subtidal settings were like-
ly the prerequisites. Therefore, it seems that an anoxic to 
suboxic background, shallow chemocline (Brocks et al,
2005; Tang et al., 2011), abundant microbial communities, 
and sufficient sulfate in the shallow Mesoproterozoic ep-
eiric sea on the NCP provided favorable conditions for the 
precipitation of fibrous aragonite layers and the develop-
ment of thrombolites.
7 Conclusions
Abundant thrombolites were recognized in the Meso-
proterozoic Wumishan Formation (ca 1.50-1.45 Ga) 
of the North China Platform. Our study shows that they 
were mainly distributed in subtidal carbonate facies. From 
lower subtidal to lower intertidal facies, in response to de-
creasing accommodation and increasing hydrodynamics, 
thrombolites change morphologically from dominantly 
domal to tabular forms.
The nuclei of mesoclots in thrombolites may have re-
sulted from in situ replacement mineralization of micro-
bial communities that likely induced by anoxic decompo-
sition of organic matter via BSR. Thus, suboxic to anoxic 
conditions seem to be the important requirement for the 
formation of mesoclots, and less agitated environments in 
the subtidal zone are more conducive for the preservation 
of thrombolites. The fibrous outer rims surrounding nuclei 
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in mesoclots probably derived from carbonate precipita-
tion facilitated by interactions between microbes and their 
microenvironments. Well-developed sub-millimetric arag-
onite fans and multi-layered micro-textures in the outer 
rims may provide evidence of rapid and multi-phase pre-
cipitation in an aragonite supersaturated micro-environ-
ment, which possibly resulted from geochemical changes 
caused by BSR in the ambient waters. As rapid carbonate 
precipitation and formation of fibrous aragonite rims sur-
rounding mesoclot nuclei are critical for the preservation 
of mesoclots in the Wumishan thrombolites, it appears that 
suboxic to anoxic conditions, moderate sulfate supply, and 
therefore active BSR in subtidal zone are likely more fa-
vorable for the formation of thrombolites. Additionally, 
low detrital influx is also a basic requirement for arago-
nite development, and therefore for the rapid formation of 
mesoclots.
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